The importance of full-scale testing in the development process for composite laminated materials helicopter blades is discussed, and illustrated by means of two examples drawn from Aeronautical Department, Faculty of Mechanical Engineering experience in the use of composites in a wide variety of structural applications. Laboratory fatigue testing is conducted at Aeronautical Department on all flightcritical dynamic components in order to determine structural adequacy.
INTRODUCTION
The use of composite laminated materials in flight critical structures in an aircraft is growing rapidly. The benefits of composites which are driving these applications include reduced weight and cost, ease of fabricating complex shapes in production, ability to tailor properties by ply lay-up, high stiffness, and excellent damage tolerance and survivability.
The introduction of laminated composites has not been without problems. These include development of an entirely new design, fabrication, and qualification discipline, difficulty in analyzing internal stresses, demonstrating this technology to certifying agencies, determination of adequate test criteria, and quantifying environmental degradation.
The development and qualification of aircraft components and systems includes a heavy emphasis on a full-scale test approach independent from the design process. In the case of fatigue-loaded flight-critical components, a laboratory fatigue program is conducted.
Fig. 1: The light multipurpose helicopter
The component full-scale fatigue program is conducted with few compromises in mounting interfaces, flight load simulation, assembly procedures and inspection methods. Test methods and fatigue mechanisms for the following components are discussed: a main rotor blade for a light multipurpose helicopter propulsion system and a heavy transport helicopter tail rotor blade.
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Fatigue testing of the helicopter blades was accomplished in a special test facility designed to simulate the inflight loading. The applied test loads include simulated steady centrifugal, vibratory cordwise bending, vibratory flapwise bending, and vibratory torsional pitch motion. The fatigue analysis of this composite laminated structures was performed after fatigue test cycles for detection of laminate separation, tolerance and distortion of structure cross-sections. All the tests were performed at the Laboratory of the Aeronautical Department of the Faculty of Mechanical Engineering of Belgrade University. The essential results of these investigations in this paper are presented.
A development of a main rotor laminated composite blade for a light multipurpose helicopter propulsion system ( Figure 1 ) and a heavy transport helicopter tail rotor blade were conducted. The development was performed in four phases: (1) the blades design on the working station Sayber using designing system Howard-Hughes, (2) preparation and cutting of blade components on the Gerber Garment cutting system, (3) blade manufacturing in a two-section die, and (4) 
DESCRIPTION OF MODELS
In the blade manufacture the conventional composite materials with epoxy resin matrix, a fiberglass filament spar, an eighteen-section skin of laminated fabrics, some carbon filament embedded along the trailing edge, a core, leading edge piotection strips of polyurethane and stainless steel etc. were used (see Figure 2 ). All the used materials are standard products fabricated at Ciba-Geigy, Interglas fimbU, Torayca and others /?/.
Each blade paddle consists of a fiberglass-epoxy spar and a fiberglass blade section which is fastened to the outboard end of the spar. Unidirectional fiberglass-epoxy is used to provide a high modulus in the axial direction and adequate torsional stiffness for full pitch change motion of the blade. Similarly, flapping (outof-plane) motions are accommodated through clastic bending of the spar. The spar cross section provides the high edgewise (in-plane) stiffness required for an aeroelastically stable rotor.
The inboard or torque tube poition of the blade is not supported by core and is designed to provide high torsional rigidity. The trailing edge contour of the airfoil is formed by a continuous structural pocket which has a Nomex phenolic honeycomb (or Rohaccll polyurethane foam) core and a fiberglass skin. The upper and lower skins arc fabricated from woven fiberglass that is laid up with the fibers oriented at ±45° and 0°/90° to the blade longitudinal axis. On the blades, the inplane blade natural frequency is tuned by stiffening the trailing edge of lower skin with some carbon filaments.
The leading edge contour is formed by a fiberglass leading edge piece which is protected from erosion by a combination of "C" shaped stainless steel and polyurethane erosion strips which are bonded to the blade leading edge. A series of counterweights are bonded to the leading edge of the spar to provide the required chordwise blade balance. The counterweights are molded of elastomer with lead shot embedded in the matrix of fiberglass with lead rod in the laminate. The counterweights fill the area between the leading edge piece and spar (Figure 2 ).
EX PERI MENTAL PROCEDURE AND RESULTS
The fatigue lest program of the helicopter blades included, intcrkuninar sepaiation (ddnminatinn) testing and geometric deformation of the blade cross-sections following the fatigue tests program during which real rotor blade loads were simulated -the same loads to which blade is exposed under extreme flight conditions
12-41.
The inboard and root section of the rotor blades are usually tested as a simple cantilever beams. Simulated centrifugal load is applied and an eccentric and crank arm is used to apply bending loads. The blades are oriented at an angle to the plane of motion of the eccentric arm so that combined flatwise and chordwise bending loads are simultaneously applied. The program and the way in which these investigations were carried out on both rotor blades represents a standard practice followed by majority of scientific and research aeronautical institutions /2, 3, 8 and 9/.
In the course of the rotor blades attachment fatigue testing program, a very robust facility frame made of steel U and L-profiles tied together with screws was used (Figure 3 Several control measurements were performed with an aim to check the rigidity of the frame and its eventual interference in the course of the experiment itself. At the beginning the model frame frequency characteristics were measured, and then a new load of about 500 kg was added to the frame and new measurements were carried out. The results in both measurements coincided which meant that the rigidity of the frame was absolutely satisfactory, proving that its influence on the measurement could be neglected.
Fatigue testing of the root part of the blade spar is one of the most important investigations of the helicopter blades made of composite laminated materials in respect to their load carrying ability and survivability check-ups. These tests are carried out with an aim to define eventual delamination of the composite laminated structure, changes of shape of the root part of the blade and the loss of its load carrying ability after having been exposed to a certain cycle of alternating variable loads which, on their part, are a consequence of the inflight combined load influence.
The applied test loads include simulated steady centrifugal, vibratory chordwise bending, vibratory flapwise bending, and vibratory torsional pitch motion. The cyclic load consists of flapping and lagging loads with simultaneous application of centrifugal force (Figure 4) . Facility test frame used in the helicopter rotor blades fatigue testing was constructed as a very robust three-dimensional frame made of steel profiles and was composed of several basic modules: facility to which helicopter rotor blade was attached and fixed, the excitation group and modules for centrifugal force simulations ( Figure 3 ).
The blade attachment module enabled the rotor blades to be fixed into the facility frame and provided an attachment link between the rotor blade and the facility frame thus enabling blade adjustments according to the angle of excitation force. The link was formed by two plates and a double tapered spindle. The front plate had the angle of excitation force graduation and the front nut enabled the blade to be securely fixed. The back plate and the nut completely secured the link from being unscrewed. Additional means used to prevent any eventual loosening was a slotted bar with the inverted slider-crank mechanism placed at the area of attachment ( Figure 5 ).
Fig. 5: The test facility fittings
The excitation group consisted of an electric motor with a rating of 2.2 kW and rotation speed of 1420 rpm, a belt drive with transmission ratio of 1:3, variable speed drive (variable reduction gear), with a transmission ratio 1-3.25, eccentric mechanism with an adjustable eccentricity of 0-25 mm and an eccentric crank arm with bonded strain gages for excitation for selection. The excitation arm is strain gaged and physically calibrated to enable measurement and monitoring of applied excitation force during test. The variable transmission ratio enabled the desired excitation force frequency to be adjusted. A stroboscope was used for an accurate detection of excitation force frequency whereas the changeable eccentricity of the eccentric arm allowed adjustment of the excitation force intensity.
The module for the centrifugal force simulation included a section for generation of the static load i.e. the centrifugal force, the section that transmitted the force to the blade root section and the blade root attachment fining at which at one end centrifugal force was applied and at the same time the excitation force at the other end. A hydraulic servo-controlled actuator composed of a hydraulic cylinder, distribution system with oil lines and a pump with a servo motor and control manometer was used as the centrifugal force generator. Its maximum force was 40000 daN. Thanks to this system the basic functioning of the facility frame became 
DISCUSSION
In the course of those investigations the behavior of the blades, was permanently and closely followed.
No any damages or delamination of the structures, i.e. no any changes were observed in the course of the testing itself. When the fatigue testing program was finished on both blades, further detailed check-ups and controls in respect to the deformation and degradation of geometrical shape of the blades and delamination were carried out. On that occasion no any changes were observed on both blades.
CONCLUSION
The fatigue test results demonstrate that the designed solution, laminate blade structure from composite materials, have met the fatigue requirements given in standards and guidelines /2-10/. The post-test performed checking showed no delamination, no permanent deformation or any other form of the helicopter blade destruction.
Full-scale testing of fatigue-loaded composite aircraft components designed for low-weight, (light-critical applications is required to verify structural adequacy and/or to provide data for redesign. The failure observed in full-scale testing were generally not predicted by design analysis and were related to design details such as ply endings, holes, curved sections, bonded joints, and bolted joints.
Well-designed composite laminated structures can provide a high degree of damage tolerance and in practice it is still very difficult to utilize the full fiber strength potential of composite structures. The composite laminated materials give constructions with exceptionally high level of survivability so important in both military and civil aviation.
